. Amino acid sequence analysis indicates that KDO 8-P phosphatase is a member of the haloacid dehalogenase hydrolase superfamily.
SUMMARY
3-Deoxy-D-manno-octulosonate 8-phosphate (KDO 8-P) phosphatase, which catalyzes the hydrolysis of KDO 8-P to KDO and inorganic phosphate, is the last enzyme in the KDO biosynthetic pathway for which the gene has not been identified. Wild-type KDO 8-P phosphatase was purified from Escherichia coli B and the N-terminal amino acid sequence matched a hypothetical protein encoded by the E. coli open reading frame, yrbI. The yrbI gene, which encodes for a protein of 188 amino acids, was cloned and the gene product was overexpressed in E. coli. The recombinant enzyme is a tetramer and requires a divalent metal cofactor for activity. Optimal enzymatic activity is observed at pH 5.5. The enzyme is highly specific for KDO 8-P with an apparent K m of 75 μM and a k cat of 175 s -1 in the presence of 1 mM Mg 2+ . Amino acid sequence analysis indicates that KDO 8-P phosphatase is a member of the haloacid dehalogenase hydrolase superfamily. 
EXPERIMENTAL PROCEDURES
Materials-The E. coli B cells, grown in glucose minimal medium supplemented with inorganic phosphate, were purchased from Grain Processing Inc., Muscatine, Iowa, as a frozen cell paste and stored at -80 ºC. Genomic E. coli BL21 DNA was a generous gift from Dr. chromatography columns were purchased from Amersham Pharmacia Biotech.
KDO 8-P Phosphatase Activity
Assay-The KDO 8-P phosphatase activity was determined by either a discontinuous colorimetric assay or a continuous spectrophotometric assay. One unit of enzyme activity is defined as the production of 1 μmol of inorganic phosphate per minute at 37 ºC.
The standard discontinuous colorimetric assay was measured in a 50 μl reaction mixture containing 1 mM KDO 8-P, 1 mM Mg
2+
and 100 mM HEPES (pH 7.0) at 37 ºC. The reaction was initiated by the addition of enzyme and quenched by the addition of 50 μl of 10% (w/v) icecold trichloroacetic acid. The amount of inorganic phosphate produced was quantitated by the malachite green assay (19) using KH 2 PO 4 as the standard.
The continuous spectrophotometric assay was based on the purine nucleoside phosphorylase (PNPase)-coupled phosphate assay first reported by Webb (20) and later modified by Rieger and coworkers (21) . The assay was performed in a 70 μl reaction mixture containing 1 mM KDO 8-P, 1 mM Mg 6 contaminant in the substrates. The reaction was initiated by the addition of KDO 8-P phosphatase. In the coupled assays, the concentration of KDO 8-P phosphatase and PNPase was adjusted to ensure that the phosphatase activity was rate-limiting.
Enzymatic Synthesis of KDO 8-P-KDO 8-P was synthesized enzymatically (22) using KDO 8-P synthase purified as previously described (23) . The E. coli KDO 8-P synthase (4 mg) was incubated with phosphoenolpyruvate mono(cyclohexylammonium) salt (24 mg) and Darabinose 5-phosphate disodium salt (26 mg) in 100 mM Tris-HCl (pH 7.5) in a final volume of 4 ml at 37 °C for 2 h. The reaction mixture was quenched by the addition of 0.45 ml 50% (w/v) trichloroacetic acid and centrifuged to remove precipitated protein. The pH of the supernatant was adjusted to 7.0 by 1 N sodium hydroxide. The resulting solution was loaded onto an AG-MPI anion exchange column (chloride form, 2.5 × 30 cm) pre-equilibrated with water. The column was first washed with 100 ml of water at a flow rate of 1 ml/min and then eluted with a linear gradient of 0 to 0.4 M potassium chloride (60 min at 1 ml/min). The fractions containing KDO 8-P were pooled and lyophilized. The lyophysate was dissolved in 2 ml water and then desalted on a P2 column (2.0 × 60 cm) using water as the eluent.
Isolation and Purification of Wild-type KDO 8-P Phosphatase from E. coli B-KDO 8-P
phosphatase was isolated and purified from E. coli B using a modification of the protocol originally described by Ray and Benedict (18) . The frozen E. coli B cells (46 g) were thawed at 23 ºC in 100 mM Tris-HCl (pH 7.4) in a final volume of 60 ml. The cell suspension was subjected to sonication at 4 ºC (ice-water bath, 45-s pulses with a 2-min rest between pulses, four times) and the unbroken cells and cell debris were removed by centrifugation (40,000 × g, 30 min, 4 ºC). The supernatant was saved. The pellet was suspended in 50 ml of 100 mM Tris-HCl (pH 7.4), sonicated and centrifuged as above. The two supernatants were combined. In order to The column was eluted at a flow rate of 0.5 ml/min using a linear gradient of 0 to 0.3 M potassium chloride in buffer A over 30 min. The fractions containing KDO 8-P phosphatase activity were pooled and dialyzed against 500 ml buffer A overnight. The final preparation was 8 concentrated by ultrafiltration to 0.6 mg/ml (Centriprep YM-10 concentrator) and the resulting solution was stored at -80 ºC. The purification process of wild-type KDO 8-P phosphatase is summarized in Table I . The pellet was suspended in buffer A (20 mM Tris-HCl, pH 7.5), and subjected to sonication at 4 ºC (ice-water bath, 30-s pulses with a 2-min rest between pulses, five times). The crude extract was centrifuged to remove cell debris (40,000 × g, 30 min, 4 ºC).
The pH of the above supernatant (90 ml; 1,880 mg total protein from a 1.0-liter culture) was adjusted to 5.0 by slowly adding cold 1.0 N acetic acid, the solution was stirred for another 10 min at 4 ºC and centrifuged to remove the precipitated protein (29,000 × g, 20 min, 4 ºC).
The supernatant (80 ml; 480 mg total protein) was dialyzed against two liters of buffer A overnight and applied to a Q-Sepharose column (1.2 × 21 cm) pre-equilibrated with buffer A.
The column was eluted at a flow rate of 2.0 ml/min using a linear gradient from 0 to 0.5 M potassium chloride in the same buffer over 70 min. After the fractions containing KDO 8-P phosphatase activity were pooled (37 ml; 230 mg of total protein), they were dialyzed against two liters of 10 mM HEPES buffer (pH 7.0) overnight. The final preparation was homogeneous as determined by SDS-PAGE. The total yield of homogeneous protein was 220 mg per liter of cell culture. The purified enzyme (6 mg/ml) was aliquoted, frozen in ethanol-dry ice, and stored at -80 ºC.
Molecular Weight (MW) Determinations-The subunit MW of KDO 8-P phosphatase
was determined by electrospray ionization mass spectrometry utilizing a Finnigan LCQ mass spectrometer. The native MW of KDO 8-P phosphatase was determined by gel filtration utilizing a Superose 12 column (HR10/30) according to the manufacturer's instructions (Sigma).
The elution volume was determined in triplicate for all samples and standards.
Kinetic Studies-Reactions were carried out at 37 ºC using the continuous spectrophotometric assay protocol as described above. Initial rates were determined in triplicate Metal Requirements-Recombinant KDO 8-P phosphatase was treated with EDTA to remove bound metal ions. The enzyme as isolated (6 mg/ml) was treated with 10 mM EDTA in 20 mM Tris-HCl (pH 7.0) for 2 h at 25 ºC and dialyzed against one liter of metal-free 20 mM
Tris-HCl (pH 7.0) for 24 h at 4 ºC with two buffer changes. The metal-free Tris-HCl buffer was prepared directly using metal-free water (PURELAB plus system), ultra pure Trizma base and metal-free HCl. The divalent metals (1 mM, prepared in metal-free water) were added to the assay mixture to assess their effects on EDTA-treated (apo) KDO 8-P phosphatase activity.
pH Dependence of KDO 8-P Phosphatase-The enzymatic activity was measured between pH 4.0 and 9.0 at 37 ºC by the discontinuous assay described above using sodium acetate (pH 4.0 to 5.0), 2-(N-morpholino)ethanesulfonic acid (pH 5.5 to 6.5), HEPES (pH 7.0 to 8.0), or glycylglycine (pH 8.5 to 9.0) at a concentration of 100 mM each. The pH of each reaction mixture was measured at 23 ºC. Miscellaneous Methods-Protein concentrations were determined using the Bio-Rad
Electrophoresis-SDS-PAGE
Protein Assay Reagent with bovine serum albumin (Sigma) serving as the standard. Optical spectroscopy was performed using a HP 8453 UV-visible spectrophotometer. The examination of the "purified" wild-type KDO 8-P phosphatase from the present study by 2D
RESULTS
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gel electrophoresis revealed three protein spots which were further analyzed by N-terminal amino acid sequencing ( Figure 2 ). Utilizing these N-terminal sequences, the E. coli K12 genome database at the NCBI web site was searched using the "search for short nearly exact matches" search algorithm. Based on these analyses, spot 1 was identified as 2-ketogluconate reductase found that most matches were annotated as hypothetical proteins from Gram-negative bacteria (Table II) . Since the lipopolysaccharide pathway exists primarily in Gram-negative bacteria and
YrbI was the only E. coli protein that matched the N-terminal sequence of spot 3, the yrbI orf was considered the candidate gene encoding KDO 8-P phosphatase.
Cloning, Overexpression, and Purification of KDO 8-P phosphatase-The yrbI orf, the putative KDO 8-P phosphatase coding region, is located in the yrb operon. This operon is comprised of ten genes to which no biological function has been assigned. In order to achieve true homologous expression in this study, the yrbI gene from E. coli BL21 was cloned into the expression plasmid pT7-7 and the protein was overexpressed in E. coli BL21(DE3). Crude extracts from cells harboring the recombinant plasmid showed KDO 8-P phosphatase activity of , the recombinant enzyme exhibited a pH optimum around 5.5, however, a broad peak with high catalytic activity (90% of maximum) was observed between pH 5.5 and 7.0 ( Figure 4 ).
Based on these results, the reported increased stability of enzyme activity at pH 7.0 in 100 mM HEPES (18) , and to allow comparison of the present results with those previously reported (18), all subsequent assays were performed in HEPES buffer (100 mM, pH 7.0).
In order to compare with previous reports, the substrate specificity of the recombinant KDO 8-P phosphatase was determined by the discontinuous colorimetric assay in the presence of 1 mM Co 2+ (18) . As shown in .
Requirement for Divalent Metals-During the purification of wild-type KDO 8-P phosphatase, it was observed that the presence of a divalent metal increased phosphatase activity.
To investigate the divalent metal requirements for the recombinant enzyme, the enzyme as isolated was first treated with 10 mM EDTA and the mixture was extensively dialyzed against metal-free buffer to prepare the apoenzyme. The effect of divalent metal on apoenzyme was assessed by adding the divalent metals to the assay mixture to a final concentration of 1 mM ( Figure 5 ). The phosphatase activity was stimulated by Co for KDO 8-P hydrolysis, (iv) no other phosphorylated monosaccharide or compound tested in the present study served as an alternate substrate.
The substrate specificity, kinetic constants, divalent metal requirement, as well as the relatively low pH activity optimum of the recombinant KDO 8-P phosphatase (Table IV) influenzae and E. coli YrbI are 39% identical; thus, the present study not only confirms their prediction that the H. influenzae YrbI is a phosphatase but also suggests the substrate for their enzyme.
In summary, the E. coli yrbI orf encodes for the protein KDO 8-P phosphatase. This is the first characterized gene in the yrb operon in E. coli and may help provide a clue to the function of other gene products in this operon. Further studies on this enzyme may provide useful information in the study of the evolution and structure/function of the entire HAD superfamily of enzymes. Additional experiments are in progress to better understand the discrepancies between the MWs of the recombinant and wild-type KDO 8-P phosphatases.
Based on the importance of KDO in the lipopolysaccharide biosynthetic pathway, inhibition of KDO 8-P phosphatase will present an attractive target for the design of new generation antibiotics. The determination of the three-dimensional structure of the E. coli KDO 8-P phosphatase, now in progress, as well as the structure of various site-directed mutants, in the presence of substrate and/or substrate analogues, will further assist in the elucidation of the mechanism of KDO 8-P phosphatase catalysis which will prove invaluable in the design of inhibitors. , enzymatic activity was measured by the continuous assay. Figure 6 . Alignment of KDO 8-P phosphatase-like sequences. Sequences were aligned using CLUSTAL W (25) . The GenBank accession numbers of the sequences are listed in Table II .
Absolute conserved residues are marked with an asterisk (*). Residues that are homologous to conserved residues in motifs I, II, and III of the HAD superfamily are highlighted in black.
Conserved residues in the unique signature sequence of KDO 8-P phosphatase (C-terminal region) are highlighted in gray. Enzymatic activity and protein concentration were determined for each purification step post dialysis. Motif I E. coli 
